Previous studies showed that transcranial magnetic stimulation (TMS) of the posterior parietal cortex (PPC) prolongs the latency of intentional saccades. We examined whether a similar effect exists for re¯exive saccades and vergence. To elicit re¯exive movements, a gap paradigm was used; lateral saccades and vergence along the median plane were interleaved. TMS was applied on the right PPC 80 ms after target onset. Blocks without TMS were performed and a control experiment with TMS over the primary motor cortex. The latter had no effect on the latency of any type of movements. In contrast, stimulation of the PPC increased the latency of both saccades and vergence, suggesting that the PPC is involved in the triggering of re¯exive movements both in direction and in depth.
INTRODUCTION
Human and animal studies in the last three decades, have identi®ed extensive cerebral circuits involved in the programming and execution of different types of saccadic eye movements. A short-direct circuit involving the occipital, the posterior parietal cortex (PPC), and the superior colliculus is believed to control re¯exive saccades to suddenly appearing visual targets. Intentional saccades to continuously visible targets, saccades to remembered target locations, or saccades to predicted target positions would involve a large circuit including the frontal lobe, namely the frontal eye ®eld and the prefrontal cortex [1] In contrast, the cortical substrate of vergence eye movements is almost unexplored in humans despite the recently increasing knowledge in animals. Jampel [2] reported vergence components in movements evoked by stimulation of the frontal, parietal and occipital cortices. Recently, Gamlin and Yoon [3] identi®ed in the monkey a region close to the frontal eye ®eld which is involved in the control of vergence. Gnadt and Mays [4] found disparity and depth sensitivity in the lateral intraparietal area (LIP) of the PPC; such sensitivity was present even when the target was no longer visible, suggesting that these neurons express a premotor signal for directing gaze in 3D space. Indeed, several other studies showed that the LIP area has saccadic and mnemonic activity in monkeys [5] . Using antidromic stimulation, Gnadt and Beyer [6] found that the saccaderelated neurons in the area LIP of the monkey projected both depth and directional information to the superior colliculus. Other groups showed sensitivity to depth in the superior colliculus that is a major interface between cerebral and brain stem ocular motor circuits [7, 8] . Nevertheless, much has to be studied to substantiate the substrate of vergence in humans. In a PET study of normal subjects, Hasebe et al. [9] identi®ed a bilateral activation of the temporo-occipital junction, activation of the left inferior parietal lobule and of the right fusiform gyrus in relation to vergence eye movements.
TMS is used to interfere with the function of the stimulated area [10, 11] . Stimulation of ocular motor cortical areas produces prolongation of latency and/or deterioration of the accuracy depending on timing and on the area stimulated. The most relevant studies are presented below.
Priori et al. [12] used single pulse TMS with a nonfocal stimulation coil that stimulated a large area of cortex, including the FEF and the PPC. Duration and amplitude of normal visually guided saccades were unchanged but latency was prolonged. Mu È ri et al. [13] found that when TMS is applied on FEF within a vulnerable time period (50À90 ms after target onset), it causes signi®cant latency prolongation for anti-saccades but not for visually guided saccades. TMS over the FEF increases latency of auditory triggered saccades [14] . Most important, Mu È ri et al. [15] reported bilateral prolongation of the latency of memoryguided saccades with TMS of the right PPC.
Up to now, TMS studies have been limited to saccades.
There is only one indirect indication that TMS might affect the vergence system: TMS of the PPC of two subjects was found to increase the divergence of the eyes before the saccade in addition to an increase in latency and undershooting [16] . The aim of our study was to examine whether the TMS over the right PPC would cause a similar latency prolongation for both saccades and vergence re¯ex-ive eye movements.
MATERIALS AND METHODS
Subjects: Nine healthy subjects were tested (age 24±47 years) in the main experiment and in the reference condition; ®ve of them participated in the control experiment (TMS of the primary motor cortex). All subjects were voluntary without any neurological, neuro-otological or ophthalmological symptoms. Informed consents according to the Helsinki Declaration were given and the study was approved by the ethical committee.
Location of TMS stimulation:
The method used is similar to that described by Mu È ri et al. [15] . Brie¯y, a MagStim 200 magnetic stimulator was used with a stimulation coil of 90 mm diameter. Such coil has been used in other studies of the PPC [15] and the procedure to render the stimulation focal is described below. In the main experiment singlepulse stimulation was applied on the right PPC; the stimulator output was set at 80% of the machine capacity, i.e. $120±140% above of the individual motor threshold. The coil position and the area to stimulate was determined according the international ten-twenty system of electrode placement (P3). A clockwise inducing current was used, and the handle of the coil was posteriorly oriented. The coil was placed tangentially to the skull to obtain a more focal stimulation of this area. TMS was delivered 80 ms after target onset. For the control experiment TMS was also delivered at 80 ms after the onset of the target by placing tangentially the coil at the location Cz (according the 10/20 EEG system). At this position the medial part of the primary motor cortex on both hemispheres was stimulated (some of the subjects reported mild muscle contractions in the legs).
Visual display: Six LEDs were controlled by a computer: three (one at the center and two at AE 208) were placed at a isovergence circle 20 cm from the subject; the required mean vergence angle for ®xating any of the these three LEDs was 178; the other three LEDs were placed at another isovergence circle at 150 cm (at the center and AE 208; corresponding to an average vergence angle of 2.38, see Fig. 1a ).
Ocular motor paradigm:
In order to elicit short-latency re¯exive eye movements, we used the gap paradigm described below. Each trial started by lighting a ®xation LED at the center of one of the circles. After a 2.5 s ®xation period, the central LED was turned off; following a gap of 200 ms a target LED appeared for 1500 ms (Fig. 1b) . When the target LED was on the center of the other circle it called for a vergence eye movement along the median plane; when it was at the same circle it called for a saccade. The required change in ocular vergence was 158; the lateral targets for saccades were at 208 both at close and at far. In each block, the two types of trials were interleaved randomly. Each block contained 30 trials, i.e. ®ve repetitions of saccades to the left, of saccades to the right at far and at close, of convergence and of divergence. We used a pure-block experimental design: subjects performed three or four blocks with TMS delivered for 27 of the trials randomly selected; each subject also performed > 3±4 reference blocks for which no TMS was delivered; the three catch trials were meant to reduce eventual effects of the expectation to receive a pulse of TMS. The order of the two types of blocks was inter-mixed to avoid fatigue effects. To control for eventual sensory effects due to the sound produced by the magnetic stimulator the click was also produced during the reference blocks without stimulation, but the magnetic coil was held off the scalp. when the eye velocity exceeded 458/s, saccade offset when the eye velocity dropped below 108/s; the onset of vergence eye movements was de®ned as the time point when the eye velocity exceeded 58/s; these criteria are standard and similar to those used by Takagi et al. [17] . Figure 2 shows examples of saccades and vergence. Eye movements with latencies , 80 ms, or in the wrong direction or strongly contaminated by blinks were rejected ($5% of the group data). The saccades, far and close, ipsilateral and contralateral were assessed separately, as well as convergence and divergence movements. Noteworthy, for the blocks with TMS, only the 27 TMS trials were considered; the three catch trials without TMS were not analysed as their number per type of movements was small. We measured the latency of the movements from the onset of the target. We also measured the amplitude of the main saccade, its pulse component and its step ®nal component (see Fig. 2a , 
RESULTS
Reference condition: short latency saccades and vergence:
The individual means of latency as well as the group means in the reference condition without TMS are presented in Fig. 3 . Saccades at far and at close did not show signi®cant difference in their latency and they were grouped. The group mean latency was 170 ms and 161 ms for rightward and leftward saccades, respectively. These latencies are short presumably due to our use of the gap paradigm. Latency of vergence eye movements was also short, particularly for divergence; the group mean latency was 175 ms and 152 ms for convergence and divergence, respectively. These values are in agreement with the few earlier reports on latency of vergence [17] and with the study of Takagi et al. [18] , who also used a gap paradigm.
Prolongation of latency by the TMS:
The Friedmann test applied on the differences from the condition without TMS of the experiment with TMS of the rPPC, and of the experiment with TMS of the motor cortex, shows signi®-cant effect of the experimental condition for the latencies of all types of eye movements ( p , 0.024). The differences for the main experiment with stimulation of the rPPC are shown in Fig. 4 . All individual differences are positive which indicate a prolongation of the latency relative to the reference condition for all types of eye movements and for all subjects. The group mean prolongation of saccade latency was of the order of 30 ms for both directions ipsilateral and controlateral; for pure convergence, prolongation of latency was of the order of 20 ms; the most marked prolongation occurred for pure divergence (52 ms). The Wilcoxon test comparing the latency of the reference condition with the experiment TMS of the right PPC revealed that the differences are statistically signi®cant for both types of eye movements: for saccades in both directions ( p , 0.005 for ipsilateral, p , 0.012 for controlateral saccades), and for vergence ( p , 0.012 for both convergence and divergence).
In contrast, the post-hoc Wilcoxon signed ranks tests comparing the latency of the control experiment after TMS of the primary motor cortex with the latency in the reference condition without TMS, showed no signi®cant increase of the latency for any type of eye movements.
For the ®ve subjects who participated in both TMS experiments (control experiment TMS of the motor cortex, main experiment TMS of the rPPC) the individual mean latencies were almost always shorter in the former, control No effect of TMS on accuracy: The Friedman test was applied on the measures of accuracy (error of the pulse and step components, see Materials and Methods) for saccades and vergence. The condition (reference condition without TMS, TMS of the rPPC), had no signi®cant effect for any of these measures. In the reference condition without TMS the group average percentage of the error of the step component was 17 AE 7% and 23 AE 13% for rightward and leftward saccades, respectively. The group mean percentage of error of the step ®nal component of the vergence was 28 AE 13% for convergence and 26 AE 11% for divergence. The Wilcoxon signed rank test showed no signi®cant increase of these errors in the TMS conditions. In summary, TMS of the rPPC caused a prolongation of the latency of both saccades and vergence, and no effect on the accuracy.
DISCUSSION
The major new ®ndings of this study are: In the reference no TMS condition the gap paradigm produced shortlatencies for both saccades and vergence. TMS of the rPPC increased the latency not only of visually guided saccades but also of vergence. In contrast, stimulation of the motor 
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Sac left Conver Diver cortex did not increase the latency for any type of eye movements. When the two TMS experimental conditions were compared latencies in the control condition were found to be shorter for almost all subjects despite the TMS. This control study indicates the absence of a non-speci®c visual effect of the TMS and the fact that prolongation of the latency after TMS of the rPPC was region speci®c. The possible mechanisms for these results are discussed below.
Bilateral increase of saccade latency: As mentioned in the`Introduction' the parietal cortex and the superior colliculus have a direct connection and this circuit is believed to be activated particularly for the generation of re¯exive short-latency saccades such as those elicited by a gap paradigm. As saccade latency increases when the ®xation target stays on in non gap conditions, it has been suggested that the PPC participates in the disengagement of ®xation (for reviews see [19, 20] ). Indeed Pierrot-Deseilligny et al. [1] reported increased latency of both visually guided re¯exive saccades in a gap paradigm, and of memory guided saccades in patients with unilateral lesions of the PPC. Interestingly, the increase was bilateral and particularly marked after lesions of the right PPC. Thus, these authors suggested that the right PPC is involved in the triggering of saccades to both sides perhaps in the disengagement of ®xation prior to generating the saccade. Our ®ndings of bilateral increase of saccade latency after TMS of the rPPC are compatible with the patient studies.
They are also compatible with other TMS studies of the right PPC that showed bilateral prolongation of latency of memory guided saccades [15] or of saccades to brie¯ȳ ashed targets [16] . Thus, our results extend prior observations to visually guided re¯exive saccades in a gap paradigm. Most likely, TMS of the rPPC interfered with the signal the PPC should provide to the SC thereby lengthening saccade latency. Note that Priori et al. S1  S2 S3 S4 S5  S6 S7 S8  S9  S1  S2 S3 S4 S5  S6  S7 S8  S9   S1  S2 S3 S4 S5  S6  S7 S8 S9  S1  S2  S3 S4 S5  S6 S7 used a gap paradigm but their subjects were trained so that a large majority of express saccades was obtained (the mean control latencies were below 135 ms, i.e. shorter than ours). In that study TMS over the center of the head in¯uencing several cortical areas had no effect in such express saccades while there was a prolongation of saccades in another condition where the natural latencies were > 150 ms. Thus, our ®ndings are more in agreement with the latter as the majority of our subjects produced re¯exive visually guided saccades but not as fast as express saccades. Further studies combining training for express saccades and focal stimulation of the PPC are of interest.
Prolongation of vergence latency:
The most novel result of our study is the increase in latency of vergence after TMS of the rPPC. The mechanism could be similar to that for saccades. First, one should note that in our gap paradigm latencies of vergence eye movements in the reference condition with no TMS were also short (175 and 152 ms for convergence and divergence, see Fig. 3b ).
Vergence of such latency might also be considered as a re¯exive type of oculomotor behavior particularly when a gap is applied such as it was the case. Indeed, vergence latencies in no gap conditions are longer (about 200 ms, personal ongoing studies). Takagi et al. [18] demonstrated a decrease, albeit moderate, in vergence latencies with a gap stimulus (relative to no gap) which suggests the possibility for a fast re¯exive type of vergence similarly to saccades. Electrophysiological evidence for the involvement of the posterior parietal area in the control of vergence exists in animal studies [2, 6, 21] and in humans [9] . Furthermore, there is increasing evidence, reviewed in the Introduction for the involvement of the superior colliculus in vergence control [7, 8] . In this context, it is plausible to suggest that TMS of the right PPC at 80 ms also interfered with the triggering signal the PPC should provide to the superior colliculus thereby lengthening the latency of vergence movements as well. In other words, our ®ndings suggest a very similar mechanism of cortical interference in the triggering of both saccades and vergence eye movements in 3D space. The accuracy of both saccades and vergence was rather low even in the reference no TMS condition. This could be due to our randomly interleaving these two types of eye movements. Studies on the accuracy of vergence are missing; there is only a qualitative report for increased error of vergence even when vergence is studied alone [22] . Also, in our experiment we did not give accuracy instructions.
TMS of the PPC had no signi®cant effect in the accuracy of any of the movements studied. Although this ®nding should be interpreted with caution (due to the low accuracy of the eye movements) it is compatible with other studies using single-pulse TMS in which no effects were found in the accuracy of saccades [12±14] .
CONCLUSION
This study shows that TMS of the rPPC interferes with both saccades and vergence eye movements used to explore the natural 3D space. The results are attributed to interference of the TMS with the transmission of saccade and vergence signals from PPC to SC and are compatible with the idea of a common cortical circuit controlling both these types of eye movements.
